= combustion efficiency n H2O = water number density Unlike Tunable Diode Laser Absorption Spectroscopy (TDLAS), which results in an integrated line-of-sight measurement, the TDLAT technique results in a 2D spatially resolved measurement plane. The facilities at the University of Virginia's ARL include a dual-mode combustion wind tunnel which has the unique ability to run continuously, making it ideal for flow field diagnostics. Also key is this wind tunnel's electrical air pre-heating system, which, unlike combustion heated tunnels, allows the flow to be free of combustion products, such as water and carbon dioxide. These combustion products affect the scramjet performance and are referred to as vitiates. The ARL's facility has the ability to reproduce vitiation effects by introducing known amounts of steam and carbon dioxide into the clean air upstream of the test section. This allows for a comparison between actual flow conditions and experiments run with vitiated test gas. A schematic of the dual-mode combustion tunnel is seen in Fig. 1 . Clean air is heated by a series of electrical resistance heaters, brought through a flow straightener into a Mach 2 nozzle, then finally through the testsection consisting of an isolator, combustor and extender, where it is expanded to atmospheric pressure.
The TDLAT instrument was used to measure temperature and water vapor concentration at the exit of this unique clean-air combustion facility 1 for a noncombusting case with a known mole fraction of steam, 12%. In the method and reported herein, the spatiallyresolved measurements of the water vapor concentration are combined with Stereoscopic Particle Image Velocimetry (SPIV) data and the flux of water vapor at the combustor exit is obtained. The comparison of the measured water flux to the known injected steam flux, measured with a solid state gas detector, provides an in situ demonstration of the TDLAT/SPIV technique. This approach is a direct method which accounts for the three-dimensional nature of the combustor exhaust. When the measured water flux is divided by the flow rate of injected hydrogen fuel, a direct measurement of combustion efficiency at the measurement location results. This approach is described in Eq. (1):
where n H2O is the spatially resolved water number density distribution from the TDLAT measurement, V x (y,z) is the axial velocity distribution from the SPIV measurement, and Ṅ Hydrogen,injected is the total hydrogen flux injected into the scramjet combustor.
Theory
The TDLAT technique has two major components: absorption spectroscopy and tomography. One of the earliest known demonstrations of using tunable IR diode lasers to non-intrusively acquire spectroscopic data was Hanson et al. 2 in 1977. Large gradients in flow properties exist in a dual-mode combustor and spatially-resolved measurements are required. In order to spatially resolve a two-dimensional water vapor distribution, tomographic reconstruction techniques must be implemented.
Absorption Spectroscopy
Direct absorption spectroscopy is governed by the Beer-Lambert law, which relates the absorption of light transmitted through a particular species to the properties of that material. Given by Eq. (2), the transmitted intensity I is proportional to the exponential of the path length L in cm of the absorbing species (water vapor in this research) times κ ν , the spectral absorption coefficient in cm -1 , scaled by the incident
The spectral absorption coefficient is given by:
where P is the pressure in atmospheres, X abs is the mole fraction of the absorbing species, S i (T) is the transition line strength in cm -2 atm -1 , and φ ν is the lineshape function in cm, approximated by a Voigt function. The Voigt function is the spectral line shape resulting from the convolution of independent Lorentzian and Doppler line broadening mechanisms:
where α D is the Doppler width, α L is the Lorentz width, ν 0 is the transition line center frequency, and K is the Voigt function. The temperature dependent line strength can be calculated using: 
where h is Planck's constant, c is the speed of light, k is Boltzmann's constant, E" is the lower state energy level in cm -1 , ν 0 is the line center frequency of the selected transition, T 0 is the reference temperature, and Q(T) is the partition function for the absorbing species.
The temperature is determined by the ratio of the experimentally determined integrated absorption of two isolated transitions, A 1 and A 2 , each with different temperature dependence:
By directing a near infrared diode laser through a medium, in this case exit flow of a dual-mode wind tunnel, a certain portion of the incident intensity is absorbed. This creates a unique absorption spectrum dependent on the absorbing species and the temperature. Analysis of the absorption spectrum leads to the water vapor concentration and temperature along a single line of sight.
Tomographic Image Reconstruction
Tomography, or image reconstruction from projections, is the process of imaging the cross sectional internal structure of a region by making measurements from a number of locations around the periphery of the measurement space and at multiple angles with respect to some reference axis passing through it. To produce a two-dimensional spatially resolved distribution of the reconstruction variable, the ensemble of the measurements, organized by their origin and angular orientation relative to the reconstruction region, are processed by a reconstruction algorithm. Measurements need be made from a number of locations around the periphery of the region of interest and at multiple angles with respect to some reference coordinate system imbedded in the measurement space. If the line-of-sight measurements made are evenly spaced and symmetric about the region, a transform-based reconstruction method can be used. Several different absorption line-of-sight laser beam path geometries are possible for data collection measurements. These include parallel beam and fanbeam geometries, as shown in Fig. 2 .
A fan beam is created by scanning the laser beam in an arc around the exit of the combustor test section. By then rotating the fan beam vertex around the tunnel exit, a complete tomographic data set is captured at the tunnel exit location. An inverse Radon transform and filtered backprojection algorithm can then be used to obtain the original distribution of the absorbing species. 3 These techniques are employed in this research to obtain the 2D spatially resolved temperature and water vapor concentration distributions.
Stereoscopic Particle Image Velocimetry
Particle Image Velocimetry is based on the concept that the velocity of a particle can be determined if the change in position of the particle and the time required for that displacement are known. 4 The particles have been added to the flow and these particles -often called tracer particles -are chosen to be of a sufficiently small size to accurately track the flow, and thus the velocity field calculated using these particles is also the velocity field of the flow in the combustor. The accuracy of flow tracking must be kept in mind, particularly for supersonic flows, to ensure that the particle paths truthfully represent the motion of the flow.
To measure the displacement of the tracer particles, two temporally displaced laser sheets are used to illuminate the particles and the image of particles illuminated by the laser sheet is recorded using either a film-based camera, or a high-speed digital camera. These images are then broken into small regions, called interrogation sub-regions, and computer correlation software is used to determine the change in position of each particle that occurred in the time between the laser pulses. Currently, two notable experimental studies, one by Weisgerber et al. 5 and the other by Goyne et al. 6 at the University of Virginia, have been undertaken to apply the PIV technique to scramjet combustor flows. Goyne et al. 6 have completed two-dimensional (2D) PIV measurements in the dual-mode scramjet facility at the University of Virginia using a commercial PIV system with a light sheet oriented axially in the flow. 7 Unlike the 2D PIV technique which uses only one digital camera and can only determine two velocity components, the 3D Stereoscopic PIV (SPIV) technique utilizes two digital cameras and is able to determine all three velocity components. The two cameras are separated by an angle and view the same region of the laser sheet. The two-dimensional velocity components as seen by each camera are determined, and then these 2D vectors are combined through vector addition to determine the third velocity component. Figure 3 shows the camera configuration in order to apply the 3D PIV technique to the dual-mode scramjet combustor test section. Note that the cameras are angled and set apart in order to view the flow from two different directions. 7 Experimental Set-up The TDLAT technique has been proven to be feasible through initial experimentation on a flat flame Hencken burner. 3 This technique makes use of two NTT Electronics fiber coupled polarization maintaining (PM) distributed feedback lasers (NLK1E5GAAA and NLK1E5EAAA). The selection of the line transitions to use in this research was guided by X. Zhou et al. 8 and consisted of four main criterion: 1) Sufficient absorption required for high signal-tonoise ratio (SNR) measurements, i.e. for a SNR of 10, peak absorption should be greater than 10 -3 . 2) Transitions should be selected to minimize interference from ambient H 2 O, i.e. E″ ≥ 1700 cm -1 for the selected transition.
3) The line pair must have sufficiently different lower state energies, E″, to yield a peak height ratio that is sensitive to temperature (in the range 1000-2500K), i.e. | E 1 ″-E 2 ″| ≥ 700 cm -1 . 4) The two lines must be isolated from nearby transitions. The transitions selected for use this experiment are given in Table 1 . Note that the designations of the absorption transitions used in this paper are internal and used only for convenience in referencing the transitions.
The line pair found to have optimum characteristics for this research based on the aforementioned criterion was inaccessible within a single laser scan. Therefore, two separate lasers were temporally multiplexed such that while the KB1 laser scans over the first transition, the KB2 laser is set to a current below a certain threshold. After KB1 has scanned over its prescribed range, it drops below the current threshold and KB2 is scanned over its prescribed range.
The design of the hardware for conducting the fanbeam tomographic scanning around the exit of the dual-mode combustion tunnel is shown in Fig. 4 . Laser emitter and detector cubes are shown at the bottom of the figure. They are mounted onto a rotary table, shown in green in the figure, which is the vertex of each fan rotation. The rotary table is mounted onto a large rotational stage, shown in black in the figure, which will rotate the entire setup 360 degrees around the tunnel exit on the inner rotational ring. A retroreflector is mounted on the opposite side of the inner rotational ring, but is not shown in Fig. 4 for clarity.
The optical setup for the tunable diode laser absorption experiments is shown in Fig. 5 . The beam path is illustrated by the bold line. The laser light is transferred to the system through the use of an optical fiber to a fiber collimator. The laser enters the The expanded return beam strikes the mirror with the hole in it and is turned 90˚ downward to the signal detector. This assembly, referred to as the Tomographic Emitter Detector (TED) box, and the retroreflector, are purged with nitrogen shortening the path length that the laser travels through room air, thus reducing unwanted ambient water absorption.
The TDLAT measurement system has been implemented and measurements made on both a bench top hydrogen-air flat flame burner for various equivalence ratios 10 and on the supersonic combustion tunnel for vitiated non-reacting flows. The bench top flat flame burner experiment was conducted as a proof of concept for the TDLAT system and measurements were made for a range of burner operating conditions. Several variations of the TDLAT system have been implemented with successive improvements being added as lessons were learned and experience with the system was gained. The tomographic data acquisition for the supersonic combustion tunnel measurements consisted of 72 fans that are separated by 5˚ that encompass the entire measurement space (full 360˚ coverage around the periphery). Each fan is composed of 25 rays that are separated by one degree for a fan angle of 25˚ (±12˚ from the ray passing through the center of the measurement space). Each data set consists of 1800 individual lines-of-sight from which the tomographic reconstruction are made. The integration time for each line-of-sight measurement is approximately one second and the total data acquisition time for each data set is slightly less than one hour. Each data set measures both of the transitions selected for use in this experiment.
The hardware used during the tunnel measurements was similar to that of the flat flame experiment with some notable changes. The support structure on which the tomography system is mounted had longer supports to position the beam path of the laser at the desired height above the exit of the tunnel's test section. Some of the components such as the TED box purge tube, the retroreflector and the supports were ruggedized to better withstand the vibrations associated with the exit condition of the tunnel. For the bench top tests the umbilicals from the TED box, purge lines, optical fibers and coaxial cables were kept clear of the flame and the rotation stages manually by a researcher standing next to the experiment. Because of the harsh acoustic and thermal environment associated with the combustion tunnel during operation it is unsafe to be in the tunnel room, therefore a system for managing the TED box umbilicals automatically was designed. The system consisted of a flexible channel and a counter-weight that kept the umbilicals clear of entanglement and direct exposure to the tunnel exit. Figure 6 illustrates the TDLAT measurement system mounted on the supersonic combustion tunnel at the Aerospace Research Lab while in operation. As reported in this paper, measurements were made at the tunnel exit for non-reacting, vitiated flow with steam injection of 12% as a demonstration of the TDLAT/SPIV system.
Results
The motivation for the development of the TDLAT system, as discussed in the Introduction, is to make measurements of spatially resolved distributions of water vapor number density and temperature on a model scramjet combustor. These measurements are to be used in Eq. (1) to determine the combustion efficiency of a model scramjet combustor. In what is effectively an in situ calibration, in the research reported in this paper the TDLAT system has been used to make measurements on the supersonic combustion facility without combustion and with a known mole fraction of water vapor (12%) injected into the free stream. Figure 7 shows the reconstructed temperature distribution for 12% steam injection. The spatial resolution of the reconstructions is 1.56 millimeters per pixel. The qualitative results from the reconstruction are as expected. The temperature distribution shows higher temperatures near the center of the flow path with a lower temperature boundary layer. Figure 8 shows the water vapor mole fraction calculated from TDLAT reconstruction for the 12% steam injection. There are what appears to be some imaging artifacts on the lower left side of both the temperature and concentration distributions as well as on the right side of the concentration distribution. Figure 9 shows a profile of concentration through the center of the reconstruction with a line included for reference showing 12% water vapor mole fraction. Error bars on Fig. 9 are obtained by the error analysis presented in the Appendix. There is an asymmetry seen in the mole fraction profile as the distance from the centerline increases. One possible reason for this uneven water vapor mole fraction distribution is increased mixing on this one wall of the tunnel (right side of Fig. 9 ). Qualitatively, the mole fraction profile seen in Fig.  9 shows very good agreement with the value of 12% water mole fraction expected based on the level of injected steam.
Measurements by Goldenstein et al. 11 have been completed on the University of Virginia's Supersonic Combustion Facility at the same plane as discussed in this research using TDLAS both by scannedwavelength direct absorption and wavelengthmodulation spectroscopy with second-harmonic detection (WMS-2f). These measurements are seen to agree with the spatially-resolved values obtained with TDLAT and are tabulated in Table 2 :
These results show a very good agreement with the expected values. It is notable how small the uncertainty associated with the measured values is, especially in the wavelength-modulation spectroscopy approach.
As shown in Eq. (1), when the spatially resolved water number density distribution from the TDLAT measurement is combined with the axial velocity distribution from the SPIV measurement, the water vapor flux can be calculated. Figure 10 shows the axial velocity distribution at the exit plane of the combustion tunnel for the non-combusting 12% steam vitiation case obtained with SPIV.
Because both the SPIV and TDLAT measurements are spatially resolved, the integration across the planar distribution gives the total water flux at the exit plane of the combustion tunnel. Table 3 shows the measured values of total water flux at the combustion tunnel exit, both by TDLAT/SPIV and a sonic orifice. The sonic orifice calculation is obtained by measuring the pressure and temperature upstream of the orifice through which the steam is injected into the combustion tunnel. The measured pressure and temperature, along with the known area and discharge coefficient of the choked nozzle, allow for the calculation of the mass flow through it.
It is seen that the TDLAT/SPIV technique does not give a total water flux within the range of uncertainty of the sonic orifice's calculation. This fairly substantial discrepancy needs to be resolved before a combustion efficiency can be measured. Tomographic reconstruction algorithms have been developed and parameters chosen for the measurement system. TDLAT and SPIV measurements were made at the exit of the dual-mode combustion tunnel. Using these measured distributions, a total water flux, needed for the measurement of combustion efficiency with combustion, resulted.
The reasonable agreement between the water vapor concentration measured using the TDLAT/SPIV technique, an independent line-ofsight absorption measurement, and the known injected steam provides confidence in the measurements of the vitiated-air combustion case on the supersonic combustion facility that are used to calculate supersonic combustion efficiency of the model scramjet combustor.
After the measurements on a flat flame burner 10 , the TDLAT system was mounted on the supersonic combustion facility at the University of Virginia. Measurements were made for a known mole fraction (12%) of steam injected into the free stream flow of the tunnel.
The concentration results from these measurements agree well with the expected value based on the level of steam injected. The agreement between the water vapor concentration distribution determined from the TDLAT measurements and the known value of steam injected gives confidence that the system is well suited for the intended purpose of development, namely providing a spatially resolved distribution of water vapor concentration in the supersonic combustion facility at the University of Virginia for use in calculation of supersonic combustion efficiency. However, the considerable disagreement between the water flux measurements indicates that there is an unresolved issue in the flux calculation and will need to be rectified before further measurements can be made with this technique. The TDLAT instrumentation and data analysis technique have been developed for application to a NASA supersonic combustion wind tunnel facility to support hypersonic propulsion ground testing.
There was a notable presence of imaging artifacts in the tomographic reconstructions that indicates a possible area for improving the accuracy of TDLAT results. Since reconstruction by filtered back-projection involves the one-dimensional Fourier transform and the two-dimensional inverse Fourier transform, it follows that an important factor in the quality of the reconstruction would be the fidelity of the Fourier transforms of the measured projections. The presence of aliasing artifacts in the Fourier transforms of the projections due to under-sampling 12 that go into filtered back projection impact the accuracy of the tomographic reconstruction. The accuracy of the reconstruction as a function of the number of fans has been examined for a fixed number of rays per fan, but it is worthwhile to examine the reconstruction error as a function of the number rays per fan.
The number of rays per fan may be increased by decreasing the ray angle or by increasing the total fan angle with the same ray angle, or a combination of the two. Increasing the total ray angle has an additional benefit of increasing the size of the region that maybe imaged. The area that can be imaged is a circle concentric to the source circle whose radius is related to the radius of the source circle by Eq. (7):
r r (7) where r image is the radius of the area that may be imaged, r source is the radius of the source circle, and γ is the total fan angle. In the current TDLAT configuration the source circle has a radius of approximately 125 millimeters and the central fan angle is 25°, which gives the area that may be imaged a radius of 29 millimeters. This approaches the area of the exit of the supersonic combustion facility. In the data sets taken on the supersonic combustion facility for certain fan angles the entire exit of the tunnel is not captured in every fan. Figure 11 shows the concatenated spectra from a fan that does not completely subtend the exit of the tunnel.
Because this fan does not completely subtend the exit of the tunnel, the projection from this angle is truncated. This is seen on the right side of Fig. 11 where the projections abruptly end, rather than Figure 11 . The concatenated spectra that make up a fan from the TDLAT measurement on the supersonic combustion facility.
decaying to the ambient value as is seen on the left side of the figure. The truncation is due to the fact that the fan from which Fig. 11 is taken is viewing the diagonal width of the tunnel exit, which is nearly the diameter of the reconstructible area. A slight offset of the rotation stage, serving as the source circle, is present relative to the exit of the tunnel despite the best efforts to align the tomography system with the measurement space. There is no requirement that the center of the tunnel be perfectly aligned with the center of the source circle. Any offset from the center will show up in the reconstruction, as it does for the results presented. However, the truncated projections may have an effect on the reconstruction. It is most likely that the asymmetries seen in the reconstructions are due to these truncated projections.
The error in the TDLAT technique can be attributed to three sources: error from the individual integrated line-of-sight absorption measurements, the tomographic reconstruction error of the filtered back-projected, and the error in the fitting of the final spectra obtained. The total system error can then be computed as the root sum square of these three error sources. For the noncombusting 12% steam vitiated case reported in this paper, the TDLAT total uncertainty is estimated to be 5.6% for the temperature distribution and 9.0% for the water vapor concentration distribution. When the TDLAT measurement and SPIV measurement are combined, the total uncertainty is the root sum square of these values.
The uncertainty in the SPIV measurement is attributed to uncertainties associated with the measurement of particle displacement and laser pulse time-separation.
The SPIV error is estimated at 3.7%, giving a total estimated error of 9.7% for the total water vapor flux measurement by TDLAT/SPIV.
